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FOREWORD 

Report No. 12245-H003-R000, "Subsystems Test Bed Thermal Mathematical 

Model Correlation ," i s  presented as a deliverable i tern under contract NASS- 

9392, Task Order No. 6 ent i t led "Post Test Evaluation." 
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SUMMARY 

The Subsystems Test Bed (STB) Thermal Mathematical Models (TMM's) have 

been correlated with the data obtained during the  STB thermal vacuum (T/V)  

t e s t i ng .  The t e s t  was conducted i n  Chamber A of the Space Environment Simu- 

l a t ion  Laboratory (SESL) located a t  NASA/MSC. The t e s t  period consisted of 

170 hours of real time t e s t i ng  performed between March 16 and March 23,  1970. 

The STB TMM, a more deta i led  TMM of a quar ter  section of the STB, and a 

standoff TMM were used i n  the  analysis .  Comparison curves fo r  representat ive 

thermocouples (T/C) , as we1 1 as comparative cabin temperature d i s t r ibu t ions  

a re  presented f o r  each t e s t  phase. Ninety percent of the calculated temper- 

atures were within 10°F of t h e i r  corresponding T/C readings. However, some 

model modification and fu r t he r  analysis  are recommended t o  improve corre la t ion 

in spec i f i c  areas.  

In addit ion,  the r e su l t s  of a comparative analysis  between a STB TMM 

with a multi-layer insulat ion (MLI) l i nea r  conductance and a STB TMM with a 

non-1 inear conductance cal cul ated with an e f fec t ive  MLI emissivi ty  i s  included. 



DISCUSSION 

The Thermal Mathemati ca1 Models used to  correlate with the STB T/V t e s t  
data are documented in Reference 1.  The STB TMM has been updated and maintained 
during the past year to  accommodate the modifications made to the ST5 prior 
t o  T/V testing. I t  was uti l ized in t e s t  planning and pretest  temperature 
predictions. A model of a quarter section of the STB was constructed to 
correlate w i t h  the detailed pressure shell instrumentation located between 
the -Z  and +Y axis of the STB. A third model , that of a typical standoff 
section, was constructed to  correlate w i t h  standoff instrumentation. 

A1 1 models uti l ized T/V t e s t  data t o  provide meteoroid shield temperatures 
as boundary conditions. This practice el imi nated the errors propagated by 

intensity fluctuations common in the solar simulators and by variations in 
the chamber cold wall temperatures. 

The STB TMM was used t o  correlate the majority of the STB TIC locations. 
The except-ions are the detailed pressure she l l ,  window, and standoff instru- 

mentation. Insufficient data hindered the development of an accurate w i n d ~ 1 1  

network prior to  STB testing. As a resu l t ,  d i f f icu l t ies  with window TIC 
data correlation were encountered in the STB TMM. I t  was decided t o  use t e s t  
data to provide boundary temperatures for  the window nodes in the STB TMM 

t o  allow the correlation analyses of the STB TMM to continue while the proSlem 
with the window network was resolved with the detailed model. 

The quarter section TMM of the STB was used t o  correlate with the 
detai 1 ed pressure she1 1 and window t e s t  data. Parametric analyses were 
performed to determine the unknown thermophysical properties of the STB 

windows. The window network was corrected t o  include these properties, and 
the model correlated for  a l l  fourteen phases of the T/V t e s t .  The window 
network from the detailed quarter section TMM has not been included i n  the 
STB fu9 1 scale model . 

The standoff model was used to  correlate t e s t  data from standoff instru- 
mentation located on the ST5 t o p  h u l  khead. Pumpdown and  top sun h o t  .oak 

data were correlated and are considered representative of environment 
extremes experienced by the standoff instrumentation. 



Both the fu l l  scale  TMM and the quar ter  section TMM were corre la ted with 

the STB T/V data f o r  every t e s t  phase. Phase durations and environments were 

taken from the User Test Conductor (UTC) log maintained during the t e s t ,  The 

Thermal Vacuum Test Time1 ine i s  presented in Figure 1.  Heater power l eve l s  

and maximum and minimum THCP fan speeds referenced in the time1 ine a r e :  

Set t ing (Ft3/Min) 
Heater 

Sett ings 

100% 

50% 

25% 

Min. w 
Because .of the vast  amount of data involved, comparison curves a r e  

presented only f o r  representat ive TIC locations . They include : 

Power (Watts ) 

TP0109 

TP0117 

TP0132 

TP0138 

TP0142 

TP0148 

TP0170 

THO522 

TTl 101 

TT1104 

TWO601 

TWO602 

TWO603 

TP4193 

TP5138 

TP5139 

TS2062 

TS2063 

Large Heater 

300 

7 5 

3 

Pressure Shel 1 Top Bulkhead 

Pressure Shel 1 Top Bulkhead 

Pressure Shel 1 Si dewall 

Pressure Shel 1 Sidewall 

Pressure Shel 1 Sidewall 

Pressure Shel 1 Si dewall 

Pressure Shell Bottom Bulkhead 

Si dewall Docking Hatch 

Truss Support Attachnient 

Truss Support 

Window Frame Adapter 

Window Frame 

Window Pane 

Detailed Pressure Shel 1 Si dewall 

Detai led Pressure Shel 1 Sidewall 

Detai led Pressure Shel 1 Sidewall 

Standoff Top Bulkhead 

Standoff Top Bulkhead 

Small Heater -- 

150 

33 

1 .5  

The locations of the correlated thermocouples are presented in Figures 2 

through 6 .  Figures 2 and 3 i l l u s t r a t e  the T/C locations correlated w i t h  the 

f u l l  s i z e  STB TME4. Figures 4 and 5 i l l u s t r a t e  the locations correlated with 

the quarter  section model 9 and Figure 6 ,, i 11 us t ra tes  the i ocati  ons correlated 

with the standoff model. 



A1 1 b u t  TT19 01 , TT1 104, TS2062, and TS2063 were c o r r e l a t e d  f o r  a1 1  SIB 

t e s t  phases. I n i t i a l i z a t i o n  problems i n  t h e  Truss Support network prevented 

TT l lO l  and TT1104 c o r r e l a t i o n  i n  t he  l a s t  n i n e  phases. TS2062 and TS2063 were 

c o r r e l a t e d  f o r  pumpdown and Phase D  ( t o p  sun h o t  soak). 

An independent ana l ys i s  was performed t o  determine t he  v a l i d i t y  o f  an 

e f f e c t i v e  e m i s s i v i t y  c a l c u l a t e d  f o r  t he  STB MLI f rom T/V t e s t  data.  The 

e f f e c t i v e  e m i s s i v i  ty ( - 0 1  ) was determined t o  i 1  l u s t r a t e  t he  o v e r a l l  i n s u -  

l a t i n g  q u a l i t i e s  o f  t he  STB MLI c o n f i g u r a t i o n  i n  comparison t o  o t h e r  veh i c l es  

(Apo l l o  Lunar Module and Serv ice Module). Data f rom a  TMM w i t h  an MLI non- 

1  i n e a r  conductance c a l  c u l  a ted  w i t h  an e f f e c t i  ve emi s s i  v i  t y  i s  compared t o  

da ta  c a l c u l a t e d  w i t h  a model hav ing an MLI l i n e a r  conductance network.  Phase 

A1 ( s i de  sun h o t  soak) was used f o r  the  comparison as i t  prov ided  bo th  maximum 

and minimum meteoro id  s h i e l d  temperature.  



RESULTS 

The r e s u l t s  o f  the  STB T/V t e s t  data c o r r e l a t i o n  ana l ys i s  a re  presented 

by phase. Inc luded  are ac tua l  and c a l c u l a t e d  temperature h i s t o r i e s  o f  r ep re -  

s e n t a t i  ve T/C 1 o c a t i  ons as we1 1 as ac tua l  / c a l  cu l  a ted STB cab in  temperature 

d i s t r i b u t i o n s  a t  the  end o f  each t e s t  phase. The ac tua l  temperature h i s t o r y  

curves a re  marked w i t h  an X every  hour  w h i l e  the  c a l c u l a t e d  temperature curves 

are unmarked. 

The f u l l  s i z e  STB TMM, which was used t o  c o r r e l a t e  t he  m a j o r i t y  o f  t h e  

T/C data,  does have cha rac te r i  s t i  cs which r e s u l t e d  i n  poorer  c o r r e l  a t i  on i n  

severa l  s p e c i f i c  areas o f  t h e  STB. These d i f f i c u l t i e s  appear i n  every  phase 

o f  t h e  T/V t e s t  and i nc l ude :  

Pressure s h e l l  nodes which surround windows have an 
a d d i t i o n a l  heat  l eak  which i s  n o t  accounted f o r  i n  t he  
TMM. As a r e s u l t ,  t h e  c a l c u l a t e d  temperatures a re  h i g h  
w i t h  c o l d  soak environments and low w i t h  h o t  soak env i r on -  
ments. Phase A1 i l l u s t r a t e s  t h i s  as the  pressure s h e l l  
node surrounding t he  window i n  t he  sun ( T I  38) i s  c a l c u l a t e d  
11°F t o o  low, w h i l e  t he  pressure s h e l l  nodes surrounding 
t he  windows away f rom t h e  sun a re  5" t o  9°F t oo  warm. 

2. The window network c u r r e n t l y  i n  t he  f u l l  s i z e  TMM 
w i l l  n o t  y i e l d  good c o r r e l a t i o n  w i t h  window and 
frame T/C data.  The problem has been reso lved  w i t h  
t he  d e t a i l e d  model, a l though t h e  co r rec ted  network 
has n o t  been i nc l uded  i n  the  1 arge model . 
The model i s  unable t o  e f f e c t i v e l y  account f o r  
l a r g e ,  l o c a l i z e d  hea t i ng  r a t e s  n o t  l o c a t e d  near  
pressure s h e l l  node centers .  Th is  occurred d u r i n g  
Phases C1, C2 and C4. The coarse network i s  unable 
t o  d i s t r i b u t e  t he  heat p r o p o r t i o n a l l y  t o  t h e  areas 
surrounding the  hea te rs .  Because o f  the  d i  ff i cu l  t i e s  
encountered, reduced hea te r  loads  were ca l  c u l  a ted  
w i t h  t h e  use o f  a  d e t a i l e d  TMM o f  the  STB pressure 
s h e l l  sur rounding a t y p i c a l  hea te r .  Th is  model 
was executed w i t h  the  ac tua l  hea te r  heat loads ,  and 
t h e  n e t  hea t  f l o w  f rom the  heated area t o  t h e  STB 
TMM node cen te r  was computed. The STB TMM was executed 
w i t h  bo th  t he  t o t a l  hea te r  heat  l o a d  and the  reduced 
heat  l oad  f o r  Phases C1 and C2. Representat ive 
temperature h i  s t o r i e s  are presented f o r  each cond i t i on .  
With the  t o t a l  heat  load,  t h e  o v e r a l l  pressure s h e l l  
temperature d i s t r i b u t i o n  i s  r e a l  i s t i  c w h i l e  t he  nodes 
which rece ived  t he  hea te r  hea t  loads reached temper- 
a tu res  much t o o  h igh .  When reduced heat loads were 
impressed on t he  heated nodes, t h e i r  temperatures 
c o r r e l a t e d  w e l l  , however the  o t h e r  pressure s h e l l  
temperatures were t oo  low. Th i s  problem was n o t  
encountered i n  the  d e t a i l e d  q u a r t e r  s e c t i o n  model. 
The node s izes  around t he  hea te rs  a l lowed f o r  
p r o p o r t i o n a l  d i s t r i b u t i o n  o f  the  hea te r  heat  1 oads, 



4. Effective f i lm coefficients ( h )  for the forced 
convection phases were d i  f f i  cu l t  t o  cal cul a t e ,  
even with t e s t  data. A t  low nitrogen flow ra tes ,  
such as those experienced by the STB inter ior  
during Phases F1 and F 2 ,  interaction between 
forced and free convection i s  predominant. This 
phenomenon was d i f f i  cul t to  account fo r ,  and 
because time for  a detailed convection analysis 
was not available, rough-cut film coefficients 
were uti 1 ized. The resul ts  indicate they were 
sl  i ghtly 1 arge as the cal cul ated temperatures 
on the heaters were low and the other temper- 
atures were consistently high. 

5. The t russ  support network correlated for the 
f i r s t  few phases. After the side sun hot soak, 
the model consistently cal cul ated higher truss 
node temperatures. The problem was in the 
ini  t i  a1 ization of the truss nodes surrounding 
the one used for  correlation. In each case 
the calculated value rose sharply as i t  was 
influenced by surrounding nodes which had 
much higher i n i  t i  a1 values . 

The detailed quarter section model, which was used t o  correlate window 
and detailed pressure shell thermocouple data, had problems only with the 

forced convection phases of the T/V t e s t .  Temperature deviations averaging 
less than - + 5 O F  f o r  1 2  of the 14 phases were encountered. The two forced 

convection phases CF1 and F2)  calculated temperatures u p  to 15°F warmer 
than T/C data. 

The standoff model correlated very well with t e s t  data obtained during 
pumpdown and the top sun hot soak (Phase D ) .  The calculated temperatures 
were within 5°F of  the actual temperatures during pumpdown and within 10°F 
during Phase D .  

The following i s  a summary of the degree of correlation by phase: 

Max. /Average 
Temp. Deviation 

Phase 

STB Quarter 
Section TMM 

Pumpdown 1 12" /5"  1 g6/4" I 

Comments 

Correl a t i  on was excel 1 ent . 
C ~ r r e l  a t i  on was excel 1 ent . 
Correl a t i  on was excel l ent. 

Correl a t i  on was excel i ent . 



Comments 

The STB TMM was executed with both 
the total  heater heat loads and 
reduced heater heat loads. The 
total  heat load results correlated 
well with T/C locations away from 
the heaters, while the reduced 
heat load results correlated well 
with TIC locations near the 
heaters. The cabin temperature 
distributions are given for  the 
total  heat load. 

Same as comments for  C1. 

Correlation was excel lent .  The 
heater problem did n o t  occur 
in th i s  phase as the minimum 
heater Q did n o t  significantly 
i nfl uence the model . 
Same as comment for C 1 ,  Conductors 
between Nodes 131 and 132 and 
between Nodes 148 and 147 were 
omitted by faulty unit record 
operations. 

Correl a t i  on was excel 1 ent . 
Correl a t i  on was excel 1 ent .  

Correlation was excel lent .  

An insufficient maximum heater 
Q was impressed on Nodes 132 
and 148 in the STB TMM. This 
resulted in low calculated 
temperatures. In addition 
conductors between Nodes 131 and 
132 and between 147 and 148 were 
missing. 

An insufficient heater Q was 
im ressed on Node 148 in the STE TMM. 

Correlation was excellent. 



The r e s u l t s  o f  t he  ana l ys i s  comparing a STB I M M  w i t h  MLI conductance and 

a TMM w i t h  a MLI e f f e c t i v e  e m i s s i v i t y  a re  presented w i t h  t he  c o r r e l a t i o n  da ta  

f o r  Phase A l .  As seen i n  t he  pressure s h e l l  temperature d i s t r i b u t i o n  f o r  t h e  

end o f  the  phase, t h e  " e f f e c t i v e  E "  model c a l c u l a t e d  h i ghe r  temperatures f o r  

pressure s h e l l  nodes away f rom the  s i de  sun vec to r  cen te r  l i n e .  Th is  i n d i c a t e s  

t h a t  t h e  heat  t r a n s f e r  through t he  MLI computed by us ing  an e f f e c t i v e  e m i s s i v i t y  

i s  l e s s  than t h a t  computed w i t h  t he  MLI l i n e a r  conductance when the  meteoro id  

s h i e l d  temperatures a re  i n  t h e  -150°F t o  -200°F range. Both models computed 

approx imate ly  t he  same pressure s he1 1 temperatures i n  areas which rece i ve  s o l  a r  

r a d i a t i o n  and t he  meteoro id  s h i e l d  i s  much warmer (0" t o  250°F). 



CONCLUSIONS 

The ST9 Thermal Mathematical Models used in the analyses correlated we1 1 

with the data obtained during the ST9 Thermal Vacuum Test. The problems 
encountered with the ful l  s ize  TMM can be remedied and a thermal network 

correction analysis performed. These projects would validate the use of 

the STB TMM to predict STB thermal response over a wide range of environments. 

The TMM with the temperature dependent MLI conducti vi ty  correlated better 

over the temperature range experienced by the STB than did the model with the 
MLI effective emissi vi t y .  
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